Gabunia K, Jain S, England RN, Autieri MV. Anti-inflammatory cytokine interleukin-19 inhibits smooth muscle cell migration and activation of cytoskeletal regulators of VSMC motility.
THE ETIOLOGY of multiple vascular diseases including atherosclerosis, restenosis, and allograft vasculopathy involve a localized inflammatory response in which endothelial cells and recruited inflammatory cells synthesize chemotactic factors. Vascular smooth muscle cells (VSMC) respond to many of these factors by switching from a quiescent, contractile to a synthetic phenotype capable of migration in response to these factors. VSMC migration from the media into the intima is a hallmark of this phenotypic switch and an integral cellular event of multiple vascular diseases leading to a loss of lumen diameter and vascular contractility (19, 40, 30) . Luminal migration of such activated VSMC is one of the most critical cellular events in the development of intimal hyperplasia and represents a point of therapeutic intervention to attenuate several vascular diseases.
The molecular mechanisms of VSMC migration are well described and begin with engagement of growth factor and inflammatory cytokine receptor that transduce external ligand binding into internal biochemical events. In VSMC, soluble pro-migratory compounds are varied and include PDGF, basic fibroblast growth factor (bFGF), and tumor necrosis factor (23, 30, 33) . Many of the intercellular proteins involved in VSMC migration include activation of monomeric GTPases such as RhoA and Rac1, mitogen-activated protein (MAP) kinases such as p38, and cytoskeletal and actin remodeling proteins such as cofilin, myosin light chain (MLC), and heat shock protein (HSP)27. Together, the coordinated activation of these proteins allows the smooth muscle cell to protrude lamellipodia, remodel actin, and allow the cell to migrate toward the chemotactic stimulus. Whereas the effects of proliferative and promigratory cytokines that induce VSMC migration have been well studied and well characterized, the cytokines that can reduce or attenuate this response are under characterized (10) . In particular, there is very little and somewhat conflicting data available regarding effects of anti-inflammatory interleukins on VSMC migration. As examples, one report indicates that the prototypical anti-inflammatory interleukin-10 (IL-10) can inhibit VSMC migration (20) , whereas another indicates that the pro-inflammatory interleukin IL-1␤ can also inhibit VSMC migration (7) . Identification of cytokines that can decrease VSMC migration, particularly those that are locally and specifically expressed in response to inflammation or trauma, could lead to new therapies to attenuate many vascular diseases.
We previously reported that a recently described IL-10 family member interleukin-19 (IL-19) is expressed in injured, but not uninjured arteries, and in stimulated, but not quiescent VSMC (36) . This was novel and unexpected because IL-19 expression was previously thought to be restricted to immune cells (8) . IL-19 is considered to be an anti-inflammatory interleukin because in T-lymphocytes it promotes the Th2 (regulatory) rather than the Th1 (T helper) response (9, 24, 26) . Our laboratory found that IL-19 had anti-proliferative effects on cultured VSMC, and IL-19 adenoviral gene transfer significantly reduced neointimal hyperplasia and proliferation of intimal VSMC in balloon angioplasty-injured rat carotid arteries (36) . Addition of IL-19 to cultured VSMC reduces their proliferation and decreases abundance of proliferative and inflammatory proteins (36, 34) . These are the only reports to date describing IL-19 expression and protective functions in VSMC.
Because migration is such an important part of multiple vascular diseases, it was important to investigate the effects and potential molecular mechanisms of IL-19 effects on VSMC migration. The overarching goal of this study is to determine whether IL-19 can negatively effect VSMC migration and define the components of the cellular machinery that are effected by IL-19. In this study we report that IL-19 can reduce VSMC chemotaxis, migration, and activation of several cytoskeletal regulatory proteins. Functional identification of cytokines common to immune and vascular cells has the potential to link inflammatory processes with vascular dysfunction. Understanding the cellular and molecular pathways of these anti-inflammatory cytokines such as IL-19 can open new therapeutic venues for coronary heart disease and restenosis.
MATERIALS AND METHODS
Cells and culture. Primary human coronary artery VSMC (hVSMC) were obtained as cryopreserved secondary culture from Cascade (Portland, OR) and subcultured in growth medium as described previously (5) . Cells from three different male donors (aged 18 -25 years, passages 3-5) were used in the described studies. Recombinant IL-19 (100 ng/ml for all studies) and decreased plateletderived growth factor (PDGF)-AB (40 ng/ml) was from R&D.
Cell spreading. Spreading was performed as described (39) . Briefly, hVSMC (10 5 cells/ml) were plated on glass coverslips in growth media. After adherence, medium was changed to contain 0.5% fetal calf serum (FCS). After 24 h, VSMC were incubated with PDGF or IL-19 for 30 min. Some cells were preincubated with IL-19 for 4 h and then incubated with PDGF for 30 additional minutes. VSMC were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton-X 100. Rhodamine phalloidin was added to stain filamentous actin. Images were captured with an inverted microscope using epifluorescence. Cell spreading was calculated by tracing the cell and measuring the area using Image-Pro Plus software.
Cell migration and chemotaxis. Analysis of chemotaxis was performed as described (34) . Briefly, triplicate 6.5-mm-diameter Transwell Boyden chamber plates (Costar) with 8-m polycarbonate membrane pore size were seeded with VSMC (20,000 cells per membrane) in medium containing 0.5% FCS. Forty nanograms of PDGF-AB were placed in the lower chamber, and cells were incubated for 4 h at 37°C, at which time cells were fixed and stained in Dif-Quick Cell Stain (American Hospital Supply). The upper layer was scraped free of cells. VSMC that had migrated to the lower surface of the membrane were quantitated by counting four high-powered fields per membrane. Experiments were performed in triplicate from three independent groups of VSMC. For directional migration, scratch wounding was performed as we previously described, and wound area was quantitated by image analysis (34) . Briefly, hVSMC were grown to 80% confluence in the presence of FCS in a four-chamber slide in growth medium. A 2-mm uniform scratch was made using a cell scraper, which was cut to 2-mm size. The medium was replaced with medium plus PDGF-AB (40 ng/ml), IL-19, and for some samples, 2 g/ml of either IL-19 or IL-20R-␤ neutralizing antibody. The chamber slide was then returned back to the cell culture incubator for 24 h to eliminate effects of proliferation. The slide was the fixed with paraformaldehyde and stained with hemotoxylin-eosin. Images were captured at ϫ4 magnification.
Rac1 and RhoA activation. The pull-down assay was performed as we previously described to determine Rac1 activation (3) . Briefly, hVSMC were serum starved in 0.1% FCS 48 h, challenged with 40 ng/ml PDGF for various times, and lysed in sample buffer (25 nM HEPES, 150 mM NaCl, 5 mM MgCl, 0.5 mM EGTA, 20 mM ␤-glycerophosphate, 0.5% Triton-X100, 5% glycerol, 10 mM NaF, 2 mM sodium vanadate, plus protease inhibitors). The volume of lysate was adjusted to normalize for equal concentrations of proteins and incubated with GST-PAK Sepharose for Rac1 and GST-Rhoteckin Sepharose (both from Cytoskeleton) for 2 h at 4°C. Only the activated (GTP) form of Rac1 bind the PAK protein and GTP form of Rho bind Rhoteckin. Beads were washed three times, bound proteins detected by Western blotting with Rac1 or Rho A antibody, and quantitated by densitometry of corresponding bands. Each experiment was performed at least three times.
Western blot analysis was performed as described (5) . Briefly, hVSMC extracts were prepared as described (5) and lysates frozen until use. Membranes were incubated with a 1:3,000 -5,000 dilution of primary antibody and a 1:5,000 dilution of secondary antibody. Antibody to total and phospho-specific HSP27, MLC, and cofilin were from Cell Signaling. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), RhoA, and Rac1 antibody were from Neo Markers, and reactive proteins were visualized using enhanced chemiluminescence (Amersham) according to manufacturer's instructions. Relative intensities of light emission were obtained by densiometric scanning of autoradiograms developed at several different exposures within the linear range of the film (Amersham Hyperfilm ECL). The relative intensity of each band was quantitated by scanning with the use of the NIH Image J densitometry program and normalized to total protein. Adenoviral RacV14 (40), a kind gift of Dr. Satoru Eguchi, was used to infect VSMC at 30 multiplicities of infection (MOI), adenoviral negative control LacZ (34) were infected at the same MOI with starvation begun 48 h postinfection.
Statistical analysis. Results are expressed as means Ϯ SE. Differences between groups were evaluated with the use of ANOVA, with the Newman-Keuls method applied to evaluate differences between individual mean values and by paired t-tests where appropriate, respectively. Differences were considered significant at a level of P Ͻ 0.05.
RESULTS

IL-19 reduces VSMC migration and wound healing.
We hypothesized that IL-19 might regulate VSMC motility in response to chemotactic stimuli. hVSMC were treated with IL-19 for 4 h, trypsinized, and then seeded on Boyden chambers in the presence or absence of the potent chemotactic agent PDGF. Figure 1A shows that VSMC pretreated with IL-19 had significantly decreased migration in response to PDGF compared with those treated with PDGF alone (105.8 Ϯ 7.6 vs. 73.4 Ϯ 3.3 for PDGF and IL-19-pretreatd, PDGF-stimulated VSMC, respectively, P Ͻ 0.01, n ϭ 3). IL-19 alone as a chemoattractant in the bottom chamber had no effect on VSMC migration, and IL-19 added at the same time as PDGF had no effect on migration. This shows that IL-19 pretreatment reduces VSMC chemotaxis in response to PDGF.
We also performed a scratch wound assay in which directional migration of VSMC monolayer's in the presence and absence of IL-19 could be assessed. Equal numbers of confluent VSMC were incubated in growth media containing PDGF and were scraped to create a 2-mm wide wound track devoid of cells. As additional controls, media from some samples contained IL-19 neutralizing antibody, and others contained antibody to the IL-20 receptor ␤ chain, through which IL-19 signals (26) . VSMC were fixed and stained 24 h later to avoid potential effects of PDGF on proliferation. Data presented in A: scratch wounding in the presence or absence of 100 ng/ml IL-19, 2 g/ml neutralizing antibody to IL-19, or antibody to IL-20 receptor. Cells were seeded in the presence of 10% FCS. After a single scratch, medium was replaced with medium plus platelet-derived growth factor (PDGF-AB) (40 ng/ ml). Cells were stained with hematoxylin and are magnified ϫ40. This is representative of three independent experiments. B: quantitative analysis of scratch wound area from three different groups of treated VSMC. *Significant difference from 4 different slides of IL-19-treated versus untreated control (P Ͻ 0.05).
mine whether IL-19 influenced cell spreading, hVSMC were plated on glass cover slides and allowed to adhere. The next day they were treated with IL-19 for 4 h and then PDGF was added for 30 min. After fixation and phalloidin staining, surface area of spreading cells was quantitated by image analysis. Figure 3 shows that IL-19-stimulated VSMC demonstrates significantly decreased cell spreading compared with untreated cells (4160 Ϯ 146 vs. 2544 Ϯ 156 m 2 for PDGF and IL-19 treated VSMC, respectively, P Ͻ 0.01, n ϭ 3), a 43% decrease in area. The next series of experiments was designed to characterize the molecular mechanisms for these decreases in chemotaxis, migration, and spreading.
IL-19 inhibits phosphorylation of MLC. An early event in smooth muscle cell (SMC) migration is phosphorylation of MLC, leading to actin remodeling (10, 13) . Many chemotactic cytokines initiate migration by phosphorylation of MLC and MLCK inhibitors can block SMC migration (14, 17) . In VSMC, MLC is rapidly phosphorylated and activated in response to FCS or PDGF (16, 18) . To determine whether IL-19 inhibited or decreased MLC activation, VSMC were serum starved for 48 h, and after several different time points of IL-19 pretreatment followed by 30 min PDGF stimulation, lysates were examined by immunoblot. Figure 4A shows (Fig. 4B) .
IL-19 inhibits dephosphorylation of cofilin. In VSMC, cofilin undergoes a rapid dephosphorylation following PDGF stimulation, which maximizes at 30 min (32). Cofilin is activated by dephosphorylation, and the cofilin activation state was assayed by Western blot analysis with phospho-specific protein. To determine whether IL-19 inhibited or decreased cofilin activation, VSMC were serum starved for 48 h, and several time points of IL-19 pretreatment were examined. Figure 5A shows that IL-19 can significantly reduce activation of cofilin (Fig. 5B) .
IL-19 inhibits phosphorylation of HSP27.
Cofilin activity is modulated by HSP27, and phosphorylation of HSP27 is involved in actin polymerization and plays an important role in the regulation of VSMC migration (10, 15, 28) . To determine whether IL-19 inhibited or decreased HSP27 activation, VSMC were serum starved for 48 h, and several time points of IL-19 pretreatment were examined. HSP27 activation was assayed by Western blot analysis with phospho-specific pro- tein. Figure 6A shows that IL-19 can significantly reduce activation of HSP27 by PDGF, with inhibition peaking at ϳ4 h of pretreatment. Figure 6B IL-19 inhibits monomeric GTPase activity. Cytoskeletal organization, cell spreading, VSMC migration, and cell movement in response to PDGF is mediated by activation of the small GTPases Rac1 and Rho A (10, 4, 14) . Regulators of cytoskeletal dynamics are among the many downstream effects of activation of these GTPases (4, 13). To determine IL-19 effects on activity of these small GTPases, VSMC were serum starved for 48 h, pretreated with IL-19 for 4 h, and then stimulated with PDGF for 10 and 20 min. Rac1 activation was assayed by the GST-PAK and Rho A by the sepharose pulldown assay. The results of this experiment are presented in with which to characterize the mechanism(s) of IL-19 inhibitory effects. To ascertain whether IL-19 inhibited events proximal or distal to Rac 1, we transduced VSMC with the constitutively active Rac1V14 mutant (40, 4, 12) . VSMC infected with this construct are able to migrate in the absence of chemotactic stimuli (4) . VSMC were infected with 30 MOI of AdRacV14 to achieve an approximate fourfold increase in the protein, and after 48 h, migration in the absence of PDGF was assayed by the scratch wound assay. VSMC were incubated 24 h to avoid potential effects of proliferation. As expected, adenoviral-mediated expression of Rac V14 in the absence of PDGF resulted in increased migration of VSMC over unstimulated controls, and IL-19 alone significantly reduced migration. However, Fig. 9 shows that IL-19 does not decrease migration in the scratch wound assay in VSMC that express constitutively active Rac1. In a second series of experiments, we utilized this mutant to determine where in the signaling cascade IL-19 inhibits phosphorylation of cytoskeletal regulatory kinases. VSMC were infected with 30 MOI of AdRacV14, serum starved for 48 h, and then MLC, HSP27, and cofilin activation was examined by Western blot analysis at times found maximal for their activation. Figure 10 shows that RacV14 expression results in constitutively phosphorylated HSP27 and MLC and underphosphorylated cofillin; all indicating activation of these proteins even in the absence of PDGF. Importantly, addition of IL-19 has no inhibitory effect on RacV14 activation of these proteins. Interestingly, IL-19 did tend to decrease Rac1V14-induced phosphorylation of HSP27 but not to a significant degree. Together, both cell functional and molecular assays show that IL-19 inhibitory activity targets a point or points proximal to Rac1 activation.
DISCUSSION
This is the first study to report that IL-19 has inhibitory effects on VSMC motility and activation of cytoskeletal and migratory regulatory proteins. Various pro-inflammatory interleukins such has IL-1, IL-8, IL-17, and IL-20 have been identified to increase SMC migration and matrix metalloproteinase (MMP) production (30, 29, 33) , but very little is known about the effects of anti-inflammatory Th2 interleukins on VSMC migration. Because migration is such an important part of multiple vascular diseases, we hypothesized that IL-19 would attenuate VSMC migration. Four-hour pretreatment with IL-19 significantly reduces PDGF-induced increase in VSMC migration by 30%. Scrape wounding of cell monolayers is a useful model for elucidating the mechanisms of cell migration. As primary VSMC display contact inhibition, unidirectional migration is limited to those cells adjacent to the wound and is polarized into the wound space. IL-19 also decreases this unidirectional migration of VSMC into the scrape wound compared with untreated controls. IL-19 is a ligand for the IL-20 receptor, and antibody directed to this receptor negates the inhibitory effect of IL-19. In both of these assays, the VSMC needs to change its shape to orientate into the direction of migration. Lamellipodia extrusion and cytoplasmic streaming at the cell periphery is necessary to drive cell locomotion, reflected by an increase in cell surface area. IL-19 can significantly reduce surface area of VSMC by 43%. This is the first to report that IL-19 can reduce cell size and migration, in any cell type.
Very little has been reported regarding anti-inflammatory cytokine reduction of SMC migration. A single report indicates that the archetypal anti-inflammatory interleukin IL-10 can inhibit VSMC migration where it was hypothesized that this inhibition was mediated by an nuclear factor (NF)-B-dependent mechanism (20) . In contrast to IL-10, we have previously reported that IL-19 does not inhibit NF-B activity (5), which prompted us to look elsewhere for potential mechanisms of these inhibitory effects. Cytoskeletal reorganization is requisite for leading-edge cellular protrusion during locomotion, and VSMC migration requires a rearrangement in the VSMC cytoskeleton (13, 14, 23) . This, together with our observed decrease in cell surface area, prompted us to examine IL-19 effects on proteins that regulate VSMC cytoskeleton and migration.
Phosphorylation of MLC by myosin light chain kinase (MLCK) is an essential biochemical event in SMC migration as it initiates myosin ATPase activity, polymerization of actin cables, and organization of a functional actin-myosin motor unit necessary for directional cell movement (17, 23, 1) . Many chemotactic cytokines initiate migration by activation of MLCK and phosphorylation of MLC (14, 16) . MLCK-specific inhibitors block VSMC migration, and MLC phosphorylation is required for MAPK-induced cell migration (16, 18) . However, nothing has been reported regarding inhibition of MLC phosphorylation by anti-inflammatory interleukins. In the present study, pretreatment of VSMC with IL-19 results in significant reduction in MLC phosphorylation, and this is the first report of reduction of PDGF-driven MLC phosphorylation by IL-19 or any other anti-inflammatory cytokine. Potential explanations for this reduction may lie in IL-19 effects on kinases proximal to MLCK. MAPK p44/42 (ERK1 and ERK2) promote cell motility and also activate MLCK leading to MLC phosphorylation, and we have previously reported that IL-19 decreases p44/42 activation (36) . In addition, MLCK is proximal to Rac1, which is also inhibited by IL-19 (Fig. 7) .
The important role of cofilin and other actin remodeling proteins in VSMC migration has been well established (13) . Cofilin exists in a phosphorylated state in unstimulated VSMC. Cofilin is activated by PDGF, and its activity is regulated by dephosphorylation, which allows it to bind to F-actin at the leading lamellipodia of the migrating cell (11) . In the present study, pretreatment of hVSMC with IL-19 significantly reduced cofilin dephosphorylation, providing a potential mechanism for IL-19 anti-migratory effects. Cofilin activity can be modulated by HSP27, which is a chaperone protein abundant in SMC (15) . HSP27 is phosphorylated in response to PDGF stimulation, and phosphorylation of HSP27 is necessary for PDGF-driven SMC migration (15) . Phosphorylation-negative mutants of HSP27 inhibit cell migration, and over expression of phosphorylated HSP27 increases SMC migration (2) . In this study, pretreatment of VSMC with IL-19 results in significant inhibition of HSP27 phosphorylation, which may explain why dephosphorylation of cofilin is also reduced by IL-19. HSP27 can be phosphorylated by MAP kinases, and a p38/HSP27 pathway has been proposed as important for regulation of SMC migration in response to pro-inflammatory cytokines (15) . The p38 kinase cascade has been implicated in regulation of SMC migration in a number of reports (14, 36) . This is relevant in that we have previously reported that IL-19 pretreatment can significantly reduce p38 activation in response to FCS stimulation, though we did not examine migration in that report (36) .
It is generally accepted that the numerous and varied cytoskeletal alterations needed for cell motility require the active participation small GTPases including RhoA and Rac1 (14, 12) . Each of these monomeric GTPases are implicated in vascular disorders such as remodeling, regulation of blood pressure, and wound healing (23) . Activation by receptor tyrosine kinases, particularly the PDGF receptor, places Rac1 and RhoA activation as early events in signaling pathways that initiate VSMC migration (23, 6) . Importantly, activation of Rac1 is necessary for PDGF-driven VSMC migration, and a dominant negative Rac1 (N17) inhibits migration (4, 5) . The present study shows that pretreatment of VSMC with IL-19 significantly reduces activation of Rac1, which is noteworthy in that at least one indirect downstream effector of Rac1 is cofilin (35) . Expression of constitutively active RacV12 increases basal invasion of cells, even in the absence of PDGF, suggesting that Rac1 activation is sufficient to induce migration independent of an external stimulus (4). We took advantage of this and expressed this mutant to determine whether IL-19 inhibitory effects were proximal or distal to Rac 1. In our system, adenoviral-mediated expression of Rac V14 resulted in increased migration of VSMC, as well as constitutive activation of cofilin, MLC, and HSP27 in the absence of PDGF. Neither migration nor activation of these proteins were attenuated by addition of IL-19, indicating that inhibitory effects are either directly on Rac1 or proximal to Rac1 activation. In some SMC, Rac1 is an upstream mediator of p38 (27, 38) . Thus IL-19 effects on p38 or proximal mediators of p38 activation may account for the inhibitory effect of IL-19 and regulators of VSMC motility.
Calcium signaling plays an important role in VSMC migration but was not thoroughly investigated in this study because of the kinetics of IL-19 pretreatment necessary for inhibitory effects. In SMC, calcium rises within minutes in response to PDGF treatment, but 4 h of IL-19 pretreatment was necessary for inhibitory effects. Simultaneous addition of IL-19 and PDGF had no inhibition of activation of regulatory protein phosphorylation. Additionally, one of the earliest events in IL-19 signaling is rapid activation of STAT3 (8, 36) , and there is little literature linking STAT3 activation with inhibition of calcium signaling. Many pro-migratory signals such as PDGF initiate both calcium-dependent and calcium-independent pathways, thus inhibition of calcium flux may not necessarily influence phosphorylation of distal proteins (10) . Nevertheless, none of these reasons completely eliminates the possibility that IL-19 can reduce calcium signaling, and this limitation does require further study. One interesting consideration in all of these experiments is that 4 h of IL-19 pretreatment appeared to be optimal for inhibition of cytoskeletal regulatory proteins. This implies that de novo synthesis, or de novo activation, of a protein or proteins are necessary for IL-19 inhibitory effects. Furthermore, since 8 and 16 h of preincubation were not as effective at inhibition of these signaling events, this also implies that this factor, or the activity of this factor, is shortlived and transient. Further experimentation is necessary to determine whether IL-19 does induce expression of an inhibitory factor or factors.
In summary, there are at least four novel points to this study: 1) IL-19 decreases VSMC migration and chemotaxis; 2) IL-19 decreases VSMC size; 3) IL-19 decreases activation of cytoskeletal regulatory proteins including HSP27, cofilin, and MLC; and 4) IL-19 decreases activity of the small GTPase Rac1, an important regulator of cell motility. IL-19 inhibitory target is likely proximal to this factor. These findings are novel for the effects of Th2 interleukins on VSMC, in general, and IL-19 in particular. This is innovative in that it links an anti-inflammatory mediator with beneficial cellular effects on VSMC and suggests that IL-19 may represent a novel therapeutic modality for many vascular diseases.
